Toxicologically Relevant Aldehydes Produced during the Frying Process Are Trapped by Food Phenolics by Zamora, Rosario et al.
Toxicologically Relevant Aldehydes Produced during Frying Process 1 
are Trapped by Food Phenolics  2 
Rosario Zamora, Isabel Aguilar, Michael Granvogl, and Francisco J. Hidalgo*, 3 
Instituto de la Grasa, Consejo Superior de Investigaciones Científicas, Carretera de 4 
Utrera km 1, Campus Universitario – Edificio 46, 41013-Seville, Spain 5 
Lehrstuhl für Lebensmittelchemie, Techniche Universität München, Lise-Meitner-6 
Straβe 34, D-85354 Freising, Germany 7 
 8 
 9 
 10 
 11 
*Corresponding author: Francisco J. Hidalgo 12 
Phone:    +34954611550 13 
Fax:     +34954616790 14 
e-mail:    fhidalgo@ig.csic.es  15 
1 
 
ABSTRACT 16 
The lipid-derived carbonyl trapping ability of phenolic compounds under common food 17 
processing conditions was studied by determining the presence of carbonyl-phenol 18 
adducts in both onions fried in the laboratory and commercially crispy fried onions. Four 19 
carbonyl-phenol adducts produced between quercetin and acrolein, crotonaldehyde, or 20 
(E)-2-pentenal were prepared and characterized by 1H and 13C nuclear magnetic 21 
resonance (NMR) spectroscopy and high performance liquid chromatography coupled to 22 
high resolution mass spectrometry (HPLC-HRMS). The synthesized compounds were 2-23 
(3,4-dihydroxyphenyl)-3,5,8-trihydroxy-9,10-dihydro-4H,8H-pyrano[2,3-f]chromen-4-24 
one (4), 2-(3,4-dihydroxyphenyl)-3,5,8-trihydroxy-10-methyl-9,10-dihydro-4H,8H-25 
pyrano[2,3-f]chromen-4-one (5), 2-(3,4-dihydroxyphenyl)-3,5-dihydroxy-8-methyl-26 
4H,8H-pyrano[2,3-f]chromen-4-one (9), and 2-(3,4-dihydroxyphenyl)-8-ethyl-3,5-27 
dihydroxy-4H,8H-pyrano[2,3-f]chromen-4-one (10). When onions were fried in fresh 28 
rapeseed oil spiked with acrolein, crotonaldehyde, and (E)-2-pentenal (2.7 µmol/g of oil), 29 
adduct 10 was the major compound produced and trace amounts of adducts 4 and 5, but 30 
not of adduct 9, were also detected. In contrast, compound 4 was the major adduct present 31 
in commercially crispy fried onions. Compound 10 was also present to a lower extent, 32 
and trace amounts of compound 5, but not of compound 9, were also detected. These data 33 
suggested that lipid-derived carbonyl-phenol adducts are formed in food products under 34 
standard cooking conditions. They also pointed out to a possible protective role of food 35 
polyphenols, which might contribute to the removal of toxicologically relevant aldehydes 36 
produced during deep-frying, assuming that the formed products are stable during food 37 
consumption in the human organism. 38 
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INTRODUCTION 42 
Lipid oxidation is a major concern during food production because it causes potential 43 
safety problems and consumer rejection as a consequence of the changes in flavor, 44 
texture, appearance, and nutritional quality of food products.1–3 All these changes are 45 
based on numerous complex interrelated reactions induced by oxygen in the presence of 46 
initiators.4 Although these reactions also occur at low temperatures, reaction rates 47 
increase with reaction times and temperatures. For that reason, the nature and 48 
concentrations of the compounds present in frying oils as a consequence of its thermal 49 
degradation during heating have been a matter of great interest for a long time, as some 50 
of these compounds are toxicologically relevant and can be ingested directly from the 51 
degraded oil or via the fried food.5,6 To this respect, recent studies of Granvogl et al. found 52 
significant amounts of short chain toxicologically relevant aldehydes, namely 2-propenal 53 
and (E)-2-butenal (acrolein and crotonaldehyde, respectively) in both frying oils and fried 54 
foods. Acrolein was present to a higher extent compared to crotonaldehyde and the 55 
amounts of these compounds were much higher in the frying oils than in the fried foods.7–56 
9 Thus, for example, in rapeseed oil heated at 180 ºC, up to 63.2 mg of acrolein/kg of oil 57 
and 27.5 mg of crotonaldehyde/kg of oil were found, whereas the amounts of acrolein 58 
and crotonaldehyde present in potato chips ranged from 23 to 26 µg/kg and from 12 to 25 59 
µg/kg, respectively, depending on the oil used.8 60 
The fact that the amount of lipid-derived aldehydes in fried foods is reduced compared 61 
to the content of these aldehydes in the frying oils might be the consequence of a limited 62 
absorption of these compounds by the foods, but also of a reaction of the generated 63 
aldehydes with other food components. Among these components, the formation of 64 
carbonyl-phenol adducts has recently been suggested,10 which would imply a mostly 65 
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unknown protective role of phenolic compounds in the elimination of these 66 
toxicologically relevant aldehydes, assuming the stability of the formed adducts. 67 
In an attempt to investigate whether the formed aldehydes in frying oils are 68 
incorporated into food products in the form of carbonyl-phenol adducts, this study aimed 69 
at the identification of this kind of adducts in onions submitted to frying in rapeseed oil 70 
containing acrolein, crotonaldehyde, and (E)-2-pentenal as well as in commercially crispy 71 
fried onions. These aldehydes were selected because of both their confirmed formation in 72 
oils submitted to frying7–9 and the fact that the reaction mechanism of (E)-2-alkenals with 73 
phenolic compounds is now well understood.10 In addition, onion was chosen as a model 74 
food because its flavonoid composition and content is well known.11–15 Thus, total 75 
flavonoids in red onions are about 140 mg/100 g of fresh weight from which quercetin 76 
derivatives are about 85% of total flavonoids. The main quercetin derivative is quercetin 77 
3,4’-O-diglucoside (77.1 mg/100 g) followed by quercetin 4’-O-glucoside (33.8 mg/100 78 
g), whereas the quercetin content is much lower (about 1.31 mg/100 g). However, 79 
diglucosides can be hydrolyzed upon maceration, among other processes, and the amount 80 
of monoglucosides and free quercetin increases. During the frying process, the quercetin 81 
content is reduced by about 20%.12,13 82 
MATERIALS AND METHODS 83 
Safety. Acrolein and crotonaldehyde are hazardous and should be handled carefully. 84 
Food Samples. Rapeseed oil, red onions (Allium cepa L.), and commercially crispy 85 
fried onions were purchased at local supermarkets. 86 
Chemicals. Acrolein, crotonaldehyde, (E)-2-pentenal, and quercetin were obtained 87 
from Sigma-Aldrich (St. Louis, MO) and were of the highest available quality. Sephadex 88 
LH-20 was obtained from GE Healthcare Europe (Freiburg, Germany). All other 89 
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chemicals were purchased from Sigma-Aldrich, Fluka (Buchs, Switzerland), or Merck 90 
(Darmstadt, Germany). 91 
Preparation of Aldehyde-Quercetin Adducts as Reference Compounds. Keeping 92 
in mind that quercetin is the major flavonoid present in onions,12,13 the corresponding 93 
adducts between quercetin and acrolein, crotonaldehyde, or (E)-2-pentenal were 94 
synthesized and characterized by 1H and 13C nuclear magnetic resonance (NMR) 95 
spectroscopy and high performance liquid chromatography coupled to high resolution 96 
mass spectrometry (HPLC-HRMS). The chemical structures of the isolated compounds 97 
are illustrated in Figure 1. These compounds were prepared by dissolving quercetin (200 98 
µmol) and the corresponding aldehyde (400 µmol) in methanol (2 mL; containing 290 99 
µmol of triethylamine). The solution was heated under nitrogen at 100 ºC for 3.5 h 100 
(acrolein), 10 h (crotonaldehyde), or 96 h ((E)-2-pentenal), respectively. At the end of the 101 
heating time, the reaction mixture was fractionated on a Sephadex LH-20 column using 102 
methanol/water (80/20, v/v) as eluent at a flow rate of 15 mL/h. Eluted products were 103 
detected by mass spectrometry using direct injection. 104 
2-(3,4-Dihydroxyphenyl)-3,5,8-trihydroxy-9,10-dihydro-4H,8H-pyrano[2,3-105 
f]chromen-4-one (4). HRMS, m/z 357.06154 (M+ – 1), error 0.2 ppm. 1H NMR (500 MHz, 106 
DMSO-d6): δ 1.97 (br, 2, H9), 2.88 (br, 2, H10), 3.38 (br, OH), 5.58 (br, 1, H8), 6.18 s 107 
(s, 1, H6), 6.90 (d, 1, J = 8.5 Hz, H5’), 7.61 (dd, 1, J = 2.1 Hz, J = 8.5 Hz, H6’), 7.73 (d, 108 
1, J = 2.1 Hz, H2’), 9.47 (br, OH), 12.30 (br, OH). 13C NMR (125.7 MHz, DMSO-d6): δ 109 
14.85 (C10), 26.87 (C9), 93.29 (C8), 98.89 (C6), 101.26 (C13), 104.20 (C11), 115.32 110 
(C2’), 116.18 (C5’), 120.43 (C6’), 122.64 (C1’), 136.56 (C3), 145.64 (C3’), 147.26 (C2’), 111 
148.27 (C4’), 153.10 (C14), 158.59 (C12), 158.78 (C5), 176.51 (C4). 112 
2-(3,4-Dihydroxyphenyl)-3,5,8-trihydroxy-10-methyl-9,10-dihydro-4H,8H-113 
pyrano[2,3-f]chromen-4-one (5). HRMS, m/z 371.07763 (M+ – 1), error 0.9 ppm. 1H 114 
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NMR (500 MHz, DMSO-d6): δ 1.38 (d, 3, J = 7.0 Hz, H1”), 1.94 (br, 2, H9), 3.38 (br, 115 
OH), 3.41 (br, 1, H10), 5.50 (br, d, 1, J = 7.9 Hz, H8), 6.18 s (s, 1, H6), 6.91 (d, 1, J = 8.5 116 
Hz, H5’), 7.60 (dd, 1, J = 2.2 Hz, J = 8.5 Hz, H6’), 7.73 (d, 1, J = 2.2 Hz, H2’), 9.52 (br, 117 
OH), 12.38 (br, OH). 13C NMR (125.7 MHz, DMSO-d6): δ 19.02 (C10), 21.74 (C1’), 118 
56.49 (C9), 92.76 (C8), 98.64 (C6), 104.38 (C11), 105.74 (C13), 115.27 (C2’), 116.20 119 
(C5’), 120.25 (C6’), 122.61 (C1’), 136.56 (C3), 145.71 (C3’), 147.31 (C2), 148.27 (C4’), 120 
153.44 (C14), 158.88 (C12), 159.16 (C5), 176.51 (C4). 121 
2-(3,4-Dihydroxyphenyl)-3,5-dihydroxy-8-methyl-4H,8H-pyrano[2,3-f]chromen-4-122 
one (9). HRMS, m/z 353.0625 (M+ – 1), error 4.8 ppm. 1H NMR (500 MHz, DMSO-d6): 123 
1.42 (d, 3, J = 6.6 Hz, H1”), 3.36 (br, OH), 5.15 (m, 1, H8), 5.83 (dd, 1, J = 3.2 Hz, J = 124 
10.0 Hz, H9), 6.23 s (s, 1, H6), 6.87 (dd, 1, J = 1.1 Hz, J = 10.0 Hz, H10), 6.91 (d, 1, J = 125 
8.5 Hz, H5’), 7.62 (dd, 1, J = 2.2 Hz, J = 8.5 Hz, H6’), 7.73 (d, 1, J = 2.2 Hz, H2’), 9.52 126 
(br, OH), 12.49 (br, OH), 12.65 (br, OH), 12.99 (br, OH). 13C NMR (125.7 MHz, DMSO-127 
d6): δ 21.56 (C1”), 72.88 (C8), 98.83 (C6), 101.63 (C13), 104.48 (C11), 115.21 (C2’), 128 
116.00 (C10), 116.25 (C5’), 120.58 (C6’), 122.36 (C1’), 124.55 (C9), 136.61 (C3), 129 
145.68 (C3’), 147.57 (C2), 148.39 (C4’), 150.47 (C14), 159.24 (C12), 160.71 (C5), 130 
176.57 (C4). 131 
2-(3,4-Dihydroxyphenyl)-8-ethyl-3,5-dihydroxy-4H,8H-pyrano[2,3-f]chromen-4-one 132 
(10). HRMS, m/z 367.0810 (M+ – 1), error 3.6 ppm. 1H NMR (500 MHz, DMSO-d6): 133 
0.97 (t, 3, J = 7.3 Hz, H2”), 1.74 (qu, 2, J = 7.3 Hz, H1”), 3.36 (br, OH), 4.98 (m, 1, H8), 134 
5.83 (dd, 1, J = 3.4 Hz, J = 10.1 Hz, H9), 6.23 s (s, 1, H6), 6.89 (dd, 1, J = 1.1 Hz, J = 135 
10.1 Hz, H10), 6.91 (d, 1, J = 8.5 Hz, H5’), 7.61 (dd, 1, J = 2.2 Hz, J = 8.5 Hz, H6’), 7.72 136 
(d, 1, J = 2.2 Hz, H2’), 9.52 (br, OH), 12.49 (br, OH), 12.65 (br, OH), 12.99 (br, OH). 137 
13C NMR (125.7 MHz, DMSO-d6): δ 9.23 (C2”), 28.39 (C1”), 77.49 (C8), 98.75 (C6), 138 
101.69 (C13), 104.39 (C11), 115.21 (C2’), 116.24 (C5’), 116.40 (C10), 120.59 (C6’), 139 
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122.37 (C1’), 123.20 (C9), 136.52 (C3), 145.66 (C3’), 147.39 (C2), 148.35 (C4’), 150.42 140 
(C14), 159.47 (C12), 160.69 (C5), 176.52 (C4). 141 
Deep-Frying Experiments. Deep-frying experiments were carried out on rapeseed oil 142 
(100 g) containing acrolein, crotonaldehyde, and (E)-2-pentenal (each 2.7 µmol/g of oil), 143 
which were added before heating the oil. The oil was firstly pre-heated for 9 min to 144 
achieve 160 ºC and then heated in the presence, or absence, of thin slices of onions (5 g) 145 
for further 3 min. At the end of the heating time, the heated oils were analyzed for 146 
aldehyde contents and the fried onions were analyzed to identify aldehyde-quercetin 147 
adducts. 148 
Determination of Aldehydes in Heated Oils. Aldehydes were determined by 1H 149 
NMR spectroscopy analogously to the analysis of oil components developed by Sopelana 150 
et al.16 Briefly, oil samples (200 mg) were diluted with CDCl3 (400 µL), which contained 151 
0.2% of non-deuterated chloroform, and their spectra were obtained by a Bruker Advance 152 
III spectrometer (Karlsruhe, Germany) operating at 500 MHz. Quantitation of the three 153 
aldehydes was carried out by considering the area of the CHCl3 signal (at δ 7.29 ppm) as 154 
internal standard. The proton of the aldehyde group appeared as a doublet that was 155 
independent for each one of the three analyzed aldehydes and appeared far from other 156 
signals in the spectrum. The signals of the aldehydic proton appeared at δ 9.55 (d, J = 7.4 157 
Hz) for acrolein, 9.47 (d, J = 7.9 Hz) for crotonaldehyde, and 9.49 (d, J = 7.7 Hz) for (E)-158 
2-pentenal. Four samples were analyzed for each heated oil and each sample was 159 
measured three times. Therefore, the aldehyde content for each analyzed oil was the mean 160 
value of twelve determinations. 161 
Determination of Aldehyde-Quercetin Adducts in Fried Onions. Onions fried in 162 
the laboratory and commercially crispy fried onions (5 g each) were homogenized in 163 
water (20 mL) and hexane (50 mL). The resulting mixture was centrifuged at 7500 g for 164 
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10 min at room temperature. The organic layer was discarded and other 50 mL of hexane 165 
were added. The mixture was homogenized again and centrifuged at 7500 g for 10 min. 166 
The organic layer was discarded and methanol (80 mL) was added. The mixture was 167 
newly homogenized and centrifuged at 7500 g for 10 min. The supernatant was collected 168 
and the solid was extracted with methanol/water (80/20, v/v; 100 mL). The resulting 169 
mixture was centrifuged at 7500 g for 10 min and the supernatant was collected. Both 170 
supernatants were combined, concentrated to about 4 mL using a rotatory evaporator (35 171 
ºC, 16 mbar) and fractionated on a Sephadex LH-20 column using methanol/water (80/20, 172 
v/v) as eluent at a flow rate of 15 mL/h. Fractions obtained were analyzed by HPLC-173 
HRMS. 174 
NMR Spectroscopy. All NMR spectra were obtained by a Bruker Advance III 175 
spectrometer operating at 500 MHz for protons. For 1H spectra, acquisition parameters 176 
were: spectral width 10000 Hz, relaxation delay 1 s, number of scans 16, acquisition time 177 
3.277 s, and pulse width 90º, with a total acquisition time of 1 min 17 s. For 13C spectra, 178 
acquisition parameters were: spectral width 27500 Hz, relaxation delay 2 s, acquisition 179 
time 1.188 s, and number of pulses depended on the concentration of the sample. All 180 
experiments were performed at 23 ºC. For structural determinations, COSY, HMQC and 181 
HMBC experiments were carried out. 182 
Low Resolution MS. To control carbonyl-phenol reactions and the eluates from the 183 
LH-20 column during the isolation of reference compounds, a triple quadrupole API 2000 184 
mass spectrometer (Applied Biosystems, Foster City, CA) was employed by using an 185 
electrospray ionization interface in the negative ionization mode (ESI–). The nebulizer 186 
gas and the curtain gas were set at 19 and 10 (arbitrary units), respectively. The 187 
electrospray capillary voltage was set to –4.5 kV, the declustering potential was –50 V, 188 
the focusing potential was –400 V and the entrance potential was –10 V. 189 
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HPLC-HRMS. The HPLC-ESI-MS system consisted of a Dionex Ultimate 3000RS 190 
U-HPLC (Thermo Fisher Scientific, Waltham, MA) coupled to a micrOTOF-QII ultra 191 
high resolution time-of-flight mass spectrometer (UHR-TOF) with q-TOF geometry 192 
(Bruker Daltonics, Bremen, Germany). Chromatographic separation was performed on a 193 
Zorbax Eclipse XDB-C18 column (15 cm × 0.46 cm i. d., 5 µm) from Agilent (Santa 194 
Clara, CA). As eluent A, a mixture of acetonitrile containing 0.2% formic acid and 4 mM 195 
ammonium formiate (30/70, v/v) was used. As eluent B, acetonitrile containing 0.2% 196 
formic acid was employed. The flow rate was 0.5 mL/min in linear gradient mode: 0-13 197 
min 7% B, 13-20 min from 7 to 60% B, 20-30 min 60% B, 30-32 min from 60 to 90% B, 198 
32-42 min 90% B, 42-45 min from 90 to 7% B. A split post-column with a flow rate of 199 
0.25 mL/min was inserted directly into the mass spectrometer ESI source. The scan range 200 
applied was m/z 50-1500 and mass resolving power was always over 18,000 (m/∆m). The 201 
instrument was operated in the negative ion mode. Mass spectra and data were obtained 202 
by broadband Collision Induced Dissociation (bbCID) mode, providing MS and MS/MS 203 
spectra simultaneously. Collision energy was estimated dynamically based on appropriate 204 
values for the mass and stepped across a ±10% magnitude range to ensure good quality 205 
fragmentation spectra. The instrument control was performed using Compass 1.3 for 206 
micrOTOF-Q II + Focus Option Version 3.0 (Bruker Daltonics). 207 
Statistical Analysis. Statistical differences among the amounts of aldehydes 208 
remaining in the oils after heating in the presence or in the absence of onions were 209 
evaluated by the Student t-test.17 These comparisons were carried out using Origin, 210 
version 7.0 (OriginLab Corporation, Northampton, MA). Significance level was p < 0.05. 211 
RESULTS AND DISCUSSION 212 
Formation of Carbonyl-Phenol Adducts Between Acrolein, Crotonaldehyde, or 213 
(E)-2-Pentenal and Quercetin. The reaction between (E)-2-alkenals and phenols is 214 
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complex and different single compounds as well as polymers are produced.10 When the 215 
reaction was carried out with a flavonoid as phenol, namely quercetin, the complexity of 216 
the reaction increased because this phenol has a higher number of reactive positions. 217 
However, the reactivity of some positions was shown to be higher than others and, thus, 218 
only a limited number of adducts was produced. The reaction between (E)-2-alkenals and 219 
quercetin took place as indicated in Figure 2. The first step is the addition of a carbon or 220 
an oxygen atom with a high electronegativity in the phenol to the olefinic carbon at β-221 
position of the aldehyde. Quercetin (1) has different atoms susceptible for this addition: 222 
the carbons at positions 6 and 8, and all the hydroxyl groups. If the reaction takes place 223 
with an aromatic carbon of quercetin, an adduct similar to compound 2 is produced. If the 224 
reaction takes place with a hydroxyl group, an adduct similar to compound 3 is formed. 225 
The stabilization is different for compounds 2 and 3 and involves the other reactive group 226 
that did not react in the first step. This first step is reversible and only the adducts that can 227 
later be stabilized are able to be isolated. 228 
Adducts 2 are stabilized by reacting with the contiguous hydroxyl group and forming 229 
the corresponding hemiacetals 4-6. These compounds 4-6 have a molecular weight 230 
resulting from the addition of the molecular weights of quercetin and the respective 231 
carbonyl compounds. Theoretically, three isomers can be produced for each aldehyde, 232 
which would involve carbon 8 and hydroxyl 7, carbon 6 and hydroxyl 7, and carbon 6 233 
and hydroxyl 5 of quercetin, respectively.  234 
Adducts 3 are stabilized by addition of an aromatic carbon of quercetin to the carbonyl 235 
carbon of the aldehyde resulting in the cyclic structure 7, which is later dehydrated to 236 
yield the conjugated olefins 8-10. These compounds 8-10 have a molecular weight 237 
resulting from the addition of the molecular weights of quercetin and the respective 238 
carbonyl compounds minus one molecule of water. Analogously to compounds 4-6, three 239 
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isomers can be produced for each aldehyde, which would involve carbon 8 and hydroxyl 240 
7, carbon 6 and hydroxyl 7, and carbon 6 and hydroxyl 5 of quercetin, respectively. 241 
When the reaction between the aldehydes and quercetin was carried out, the presence 242 
of both kinds of products (the hemiacetal and the conjugated olefin) could be observed. 243 
However, the ratio among them depended on the involved aldehyde. Figure 3 shows the 244 
mass spectra of the reaction mixtures obtained for the three assayed aldehydes. Acrolein 245 
mostly produced the hemiacetal 4 [m/z 357 (M+ – 1)] and only small amounts of the 246 
conjugated olefin 8 [m/z 339 (M+ – 1)] (Figure 3A). In addition, an adduct involving 2 247 
molecules of acrolein and 1 molecule of quercetin was also observed [m/z 413 (M+ – 1)]. 248 
This is likely a consequence of the high reactivity of this aldehyde, which is able to react 249 
with several positions of the phenolic compound. For 1:1 adducts, the hemiacetal is a 250 
more stable compound than the conjugated olefin. This last compound is susceptible to 251 
polymerize because of the presence of the additional double bond.10 Besides, the 252 
conjugated olefin suffers the addition of methanol to produce a further adduct [m/z 371 253 
(M+ – 1)]. 254 
 Differently to acrolein, the two 1:1 adducts were produced for crotonaldehyde (Figure 255 
3B), although the hemiacetal [m/z 371 (M+ – 1)] seemed to be formed to a higher extent 256 
than the conjugated olefin [m/z 353 (M+ – 1)]. Because of the reactivity of this olefin, the 257 
corresponding methanol adduct was also present in the reaction mixture [m/z 385 (M+ – 258 
1)]. 259 
The introduction of a further methylene group into the aldehyde shifted the reaction 260 
towards the formation of the conjugated olefin as the main product [m/z 367 (M+ – 1)], 261 
although the hemiacetal [m/z 385 (M+ – 1)] was also formed to a significant extent 262 
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(Figure 3C). As observed for the other conjugated olefins, the corresponding methanol 263 
adduct was also present in the reaction mixture [m/z 399 (M+ – 1)]. 264 
The main adducts formed in the three reaction mixtures were isolated by column 265 
chromatography on Sephadex LH-20 and characterized by 1H and 13C NMR spectroscopy 266 
and HPLC-HRMS. These compounds were the hemiacetals produced with acrolein and 267 
crotonaldehyde (compounds 4 and 5, respectively) and the conjugated olefins produced 268 
with crotonaldehyde and (E)-2-pentenal (compounds 9 and 10, respectively). Chemical 269 
structures for all these compounds are shown in Figure 1. Long distance NMR couplings 270 
were determined by HMBC experiments and allowed the unequivocal characterization of 271 
the formed structures. Observed HMBC couplings for the two kinds of produced adducts 272 
are also shown in Figure 1. These adducts always involved carbon 8 and hydroxyl 7. The 273 
reason for the lower reactivity of position 6 is likely a higher steric hindrance. In addition, 274 
hydroxyl 5 is likely involved in an intramolecular hydrogen bond with the carbonyl group 275 
at position 4. 276 
Fate of Toxicologically Relevant Carbonyls during Thermal Heating of Oils in 277 
the Presence and in the Absence of Added Food. During the frying process, 278 
toxicologically relevant aldehydes are formed as a consequence of oxidation, but short 279 
chain aldehydes have a boiling point lower than the employed frying temperature and 280 
might be evaporated. Therefore, and independently of the presence or absence of food, 281 
the amounts of aldehydes present in the spiked oil (2.7 µmol/g of oil) at the end of the 282 
frying process were much reduced. Thus, the initial amount of aldehyde was lowered by 283 
35% in the case of acrolein, but by more than 90% in the case of crotonaldehyde and (E)-284 
2-pentenal (Figure 4). This surprising result (the boiling point of acrolein is lower than 285 
that of crotonaldehyde and (E)-2-pentenal) is likely a consequence of the higher formation 286 
of this aldehyde by oil oxidation in comparison to the other assayed aldehydes.8 287 
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When the oil was heated in the presence of onions, only slight decreases in the 288 
aldehyde concentrations were observed compared to the aldehyde concentrations in the 289 
oils heated in the absence of onions (Figure 4). However, these decreases were significant 290 
(p < 0.05) for acrolein and crotonaldehyde, but they were not for (E)-2-pentenal. 291 
Formation of Aldehyde-Phenol Adducts in Fried Onions. When the oil was heated 292 
in the absence of food, the above described decrease of aldehydes was a consequence of 293 
their evaporation. In fact, these aldehydes are considered as environmental pollutants and 294 
they have been detected, among others, in the exhaust of kitchens and thermally processed 295 
oils.7–8,18–20 However, when a food is present, in addition to aldehyde evaporation, the 296 
absorption of the aldehydes in the food and the reaction of these aldehydes with food 297 
components might also occur. In fact, trace amounts of these aldehydes have already been 298 
found in fried foods.8 When the onions fried in the laboratory were analyzed for detection 299 
of the four adducts previously synthesized and characterized, adduct 10 produced 300 
between (E)-2-pentenal and quercetin was present in all analyzed samples (Figure 5). 301 
This compound was unequivocally identified by its retention time and HRMS (error < 3 302 
ppm). In addition, some samples showed the presence of compound 4 and/or compound 303 
5, which were also identified analogously (the sample shown in Figure 5 exhibited trace 304 
amounts of compound 5, but not of compounds 4 or 9). These compounds were present 305 
to a much lower extent than compound 10. Compound 9 was not detected in any of the 306 
analyzed samples. 307 
The major presence of the adduct derived from (E)-2-pentenal in comparison to that 308 
derived from acrolein and crotonaldehyde might be a consequence of both the higher 309 
boiling point of (E)-2-pentenal and its lower reactivity. Oils were heated for 9 min before 310 
adding the onions, and the lower the boiling point of the aldehyde, the easier the 311 
evaporation of the aldehyde is expected. In addition, the higher reactivity of acrolein and 312 
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crotonaldehyde might lead to their faster reaction with other food components than with 313 
food phenols. 314 
Identification of Aldehyde-Phenol Adducts in Commercially Crispy Fried 315 
Onions. Differently to the frying carried out in the laboratory, in which non-oxidized oils 316 
spiked with selected aldehydes were used and these oils were only heated for 9 min before 317 
adding the onions, the history of the oils employed as well as the process followed in the 318 
preparation of the commercially crispy fried onions is unknown. But in this case, all 319 
available aldehydes, which were able to react with onion phenols, must originate from 320 
the frying oil. Interestingly, several carbonyl-quercetin adducts were present in the 321 
analyzed samples (Figure 6). Compound 4 was the main adduct detected, followed by 322 
compound 10. As can be observed in the figure, only trace amounts of compound 5 could 323 
be found and compound 9 was absent in the different assayed samples. These compounds 324 
were identified on the basis of their retention times and HRMS (errors always <5 ppm). 325 
The difference in the amounts of adduct 4 found between the onions fried in the 326 
laboratory (only present in trace amounts in some samples) and those found in 327 
commercially crispy fried onions (the main carbonyl-phenol adduct) might be a 328 
consequence of the quality of the employed oils. In the laboratory, fresh non-oxidized oil 329 
was used (although spiked with a small amount of acrolein) and most acrolein was likely 330 
evaporated during oil heating before adding the onions. On the other hand, the oil 331 
employed for preparing the commercially crispy fried onions was likely more oxidized 332 
and acrolein was produced at the same time that the onions were fried. 333 
Phenolic Compounds as Carbonyl Scavengers: an Additional Destiny for the 334 
Toxicologically Relevant Aldehydes Produced as a Consequence of Lipid Oxidation. 335 
The lipid-derived carbonyl trapping ability of amino compounds has been known for a 336 
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long time as well as their contribution to browning development in food products.21–23 On 337 
the other hand, the lipid-derived carbonyl trapping ability of phenolic compounds is less 338 
known, although the trapping of acrolein, 4-hydroxy-(E)-2-nonenal, (E)-2-pentenal and 339 
(E)-2-octenal by different phenols has been previously described.10,24 Nevertheless, these 340 
last studies neither were carried out with food products nor demonstrated that carbonyl-341 
phenol adducts could be formed during common food cooking conditions. To the best of 342 
our knowledge, the results found in this study demonstrate for the first time both the 343 
formation of lipid-derived carbonyl-phenol adducts in food products under standard 344 
cooking conditions and the presence of this kind of compounds in processed foods. In 345 
addition, they point out to an additional protective role of food polyphenols in the lipid 346 
oxidation pathway in addition to their well-known functions as free radical scavengers 347 
and chelators: the scavenging of toxicologically relevant carbonyl compounds that are 348 
produced as a consequence of lipid oxidation (Figure 7). This figure also shows a 349 
previously unknown competition for the removal of these aldehydes between amino and 350 
phenolic compounds, which is expected to be shifted towards the formation of either 351 
carbonyl-amine adducts or carbonyl-phenol adducts depending on the involved 352 
compounds and reaction conditions. The importance of the formation of carbonyl-amine 353 
adducts on food properties has been the objective of numerous studies for the last 354 
century.25 However, the role of these carbonyl-phenol adducts remains to be elucidated, 355 
although they are expected to contribute to food browning as well as changes in food 356 
flavors as a consequence of a potential selective sequestering of significant flavor 357 
components in processed foods.26  358 
AUTHOR INFORMATION 359 
Corresponding author 360 
*Telephone: +34 954 611 550. Fax: +34 954 616 790. E-mail: fhidalgo@ig.csic.es. 361 
16 
 
Funding 362 
This study was supported in part by the European Union (FEDER funds) and the Plan 363 
Nacional de I + D of the Ministerio de Economía y Competitividad of Spain (project 364 
AGL2015-68186-R). Dr. Michael Granvogl thanks the Bayerische Forschungsallianz 365 
(Bavarian Research Alliance) for the financial support for his stay in Seville, Spain. 366 
Notes 367 
The authors declare no competing financial interest. 368 
ACKNOWLEDGMENTS 369 
We are indebted to José L. Navarro for technical assistance and José J. Ríos for the HPLC-370 
HRMS analyses.  371 
17 
 
REFERENCES 372 
(1) Correddu, F.; Nuda, A.; Manca, M. G.; Pulina, G.; Dalsgaard, T. K. Light-induced 373 
lipid oxidation in sheep milk: effects of dietary grape seed and linseed, alone or in 374 
combination, on milk oxidative stability. J. Agric. Food Chem. 2015, 63, 3980–375 
3986.  376 
(2) Uluata, S.; McClements, D. J.; Decker, E. A. Physical stability, autoxidation, and 377 
photosensitized oxidation of omega-3 oils in nanoemulsions prepared with natural 378 
and synthetic surfactants. J. Agric. Food Chem. 2015, 63, 9333–9340. 379 
(3) Lee, J.; Xiao, L.; Zhang, G.; Ebeler, S. E.; Mitchell, A. E. Influence of storage on 380 
volatile profiles in roasted almonds (Prunus dulcis). J. Agric. Food Chem. 2014, 381 
62, 11236–11245. 382 
(4) Martínez-Yusta, A.; Goicoechea, E.; Guillen, M. D. A review of thermo-oxidative 383 
degradation of food lipids studied by 1H NMR spectroscopy: influence of 384 
degradative conditions and food lipid nature. Compr. Rev. Food Sci. Food Saf. 385 
2014, 13, 838–859. 386 
(5) Guillen, M. D.; Uriarte, P. S. Aldehydes contained in edible oils of a very different 387 
nature after prolonged heating at frying temperature: presence of toxic oxygenated 388 
α,β-unsaturated aldehydes. Food Chem. 2012, 131, 915–926. 389 
(6) Wang, Y.; Cui, P. Reactive carbonyl species derived from omega-3 and omega-6 390 
fatty acids. J. Agric. Food Chem. 2015, 63, 9333–9340. 391 
(7) Ewert, A.; Granvogl, M.; Schieberle, P. Development of two stable isotope dilution 392 
assays for the quantitation of acrolein in heat-processed fats. J. Agric. Food Chem. 393 
2011, 59, 3582–3589. 394 
18 
 
(8) Granvogl, M. Development of three stable isotope dilution assays for the 395 
quantitation of (E)-2-butenal (crotonaldehyde) in heat-processed edible fats and oils 396 
as well as in food. J. Agric. Food Chem. 2014, 62, 1272–1282. 397 
(9) Ewert, A.; Granvogl, M.; Schieberle, P. Isotope-labeling studies on the formation 398 
pathway of acrolein during heat processing of oils. J. Agric. Food Chem. 2014, 62, 399 
8524–8529. 400 
(10) Hidalgo, F. J.; Zamora, R. 2-Alkenal-scavenging ability of m-diphenols. Food 401 
Chem. 2014, 160, 118–126. 402 
(11) Price, K. R.; Rhodes, M. J. C. (1997). Analysis of the major flavonol glycosides 403 
present in four varieties of onion (Allium cepa) and changes in composition 404 
resulting from autolysis. J. Sci. Food Agric. 1997, 74, 331–339. 405 
(12) Crozier, A.; Lean, M. E. J.; McDonald, M. S.; Black, C. Quantitative analysis of 406 
the flavonoid content of commercial tomatoes, onions, lettuce, and celery. J. Agric. 407 
Food Chem. 1997, 45, 590–595. 408 
(13) Price, K. R.; Bacon, J. R.; Rhodes, M. J. C. Effect of storage and domestic 409 
processing on the content and composition of flavonol glucosides in onion (Allium 410 
cepa). J. Agric. Food Chem. 1997, 45, 938–942. 411 
(14) Marotti, M.; Piccaglia, R. Characterization of flavonoids in different cultivars of 412 
onion (Allium cepa L.). J. Food Sci. 2002, 67, 1229–1232. 413 
(15) Patil, B. S.; Pike, L. M.; Yoo, K. S. Variation in the quercetin content in different 414 
colored onions (Allium cepa L.). J. Am. Soc. Hort. Sci. 1995, 120, 909–913. 415 
(16) Sopelana, P.; Arizabaleta, I.; Ibargoitia, M. L., Guillén, M. D. Characterisation of 416 
the lipid components of margarines by 1H Nuclear Magnetic Resonance. Food 417 
Chem. 2013, 141, 3357–3364. 418 
19 
 
(17) Snedecor, G. W.; Cochran, W. G. Statistical Methods, 7th ed.; Iowa State University 419 
Press: Ames, IA, 1980. 420 
(18) Seeman, V. Y.; Bennett, D. H.; Cahill, T. M. Indoor acrolein emission and decay 421 
rates resulting from domestic cooking events. Atmos. Environ. 2009, 43, 6199–422 
6204. 423 
(19) Umano, K.; Shibamoto, T. Analysis of acrolein from heated cooking oils and beef 424 
fat. J. Agric. Food Chem. 1987, 35, 14–18. 425 
(20) Da Silva, T. O.; de Paula Pereira, P. A. Influence of time, surface-to-volume ratio, 426 
and heating process (continuous or intermittent) on the emission rates of selected 427 
carbonyl compounds during thermal oxidation of palm and soybean oils. J. Agric. 428 
Food Chem. 2008, 56, 3129–3135. 429 
(21) Hidalgo, F. J.; Nogales, F.; Zamora, R. The role of amino phospholipids in the 430 
removal of the cito- and geno-toxic aldehydes produced during lipid oxidation. 431 
Food Chem. Toxicol. 2008, 46, 43–48.  432 
(22) Zamora, R.; Hidalgo, F. J. Coordinate contribution of lipid oxidation and Maillard 433 
reaction to the nonenzymatic food browning. Crit. Rev. Food Sci. Nutr. 2005, 45, 434 
49–59. 435 
(23) Zamora, R.; Hidalgo, F. J. 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine 436 
(PhIP) formation and fate: an example of the coordinate contribution of lipid 437 
oxidation and Maillard reaction to the production and elimination of processing 438 
related food toxicants. RSC Adv. 2015, 5, 9709–9721. 439 
(24) Zhu, Q.; Zheng, Z.-P.; Cheng, K.-W.; Wu, J.-J.; Zhang, S.; Tang, Y. S.; Sze, K.-H.; 440 
Chen, J.; Chen, F.; Wang, M. Natural polyphenols as direct trapping agents of lipid 441 
peroxidation-derived acrolein and 4-hydroxy-trans-2-nonenal. Chem. Res. Toxicol. 442 
2009, 22, 1721–1727. 443 
20 
 
(25) Hellwig, M.; Henle, T. Baking, ageing, diabetes: a short history of the Maillard 444 
reaction. Angew. Chem. Int. Ed. 2014, 53, 10316–10329. 445 
(26) Kokkinidou, S.; Peterson, D. G. Control of Maillard-type off-flavor development 446 
in ultrahigh-temperature-processed bovine milk by phenolic chemistry. J. Agric. 447 
Food Chem. 2014, 62, 8023–8033.  448 
  449 
21 
 
FIGURE CAPTIONS 
Figure 1. Chemical structures of the compounds synthesized in this study. HMBC 
couplings exhibited by compounds 4 and 9 are also shown. These couplings were similar 
for compounds 5 and 10, respectively. 
Figure 2. Formation mechanism of aldehyde-quercetin adducts. The aldehydes employed 
in this study were acrolein (R = H), crotonaldehyde (R = CH3), and (E)-2-pentenal (R = 
CH2CH3). 
Figure 3. Mass spectra of the reaction mixtures between quercetin and: A) acrolein; B), 
crotonaldehyde; and C), (E)-2-pentenal obtained by direct injection.  
Figure 4. Aldehydes recovered from the oil after the frying process in the absence 
(stripped bars) or in the presence (open bars) of onions. Bars for each aldehyde having 
different letters are significantly (p < 0.05) different. Abbreviations: ACR, acrolein; CRO, 
crotonaldehyde; PEN, (E)-2-pentenal. 
Figure 5. Trace chromatograms obtained by LC-HRMS of (A) a mixture of the four 
carbonyl-phenol adducts prepared in this study, and (B-E) the extract of an onion sample 
fried in the laboratory for 3 min at 160 ºC in a rapeseed oil containing acrolein, 
crotonaldehyde, and (E)-2-pentenal (2.7 µmol/g of oil). The traces correspond to the exact 
mases (M+ – 1) of (B) compound 4; (C) compound 5; (D) compound 9; and (E) compound 
10. 
Figure 6. Trace chromatograms obtained by LC-HRMS of (A) a mixture of the four 
carbonyl-phenol adducts prepared in this study, and (B-E) the extract of a commercial 
crispy fried onion sample. The traces correspond to the exact mases (M+ – 1) of (B) 
compound 4; (C) compound 5; (D) compound 9; and (E) compound 10. 
22 
 
Figure 7. Protective roles of phenolic compounds as inhibitors of the lipid oxidation 
process and as scavengers of the aldehydes produced as a consequence of lipid oxidation. 
Additional carbonyl-scavenging ability of amino compounds is also indicated. 
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